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14  Abstract 

15  Licensed  antiviral  therapeutics  and  vaccines  to  protect  against  eastern  equine  encephalitis  virus 

16  (EEEV)  in  humans  currently  do  not  exist.  Animal  models  which  faithfully  recapitulate  the 

17  epidemiology  of  the  human  EEEV  disease  are  needed  to  satisfy  requirements  of  the  Food  and 

18  Drug  Administration  (FDA)  for  clinical  product  licensing  under  the  Animal  Rule.  In  an  effort  to 

19  meet  this  requirement,  we  estimated  the  median  lethal  dose  and  described  the  pathogenesis  of 

20  aerosolized  EEEV  in  the  common  marmoset  ( Callithrix  jacchus).  Five  marmosets  were  exposed 

21  to  aerosolized  EEEV  FL93-939  in  doses  ranging  from  2.4  x  101  PFU  to  7.95  x  105  PFU,  with  a 

22  median  lethal  dose  of  2.05  x  10“  PFU.  Euthanasia  criteria  was  met  by  day  4  post  exposure  in  the 

23  highest  dose  marmoset  but  animals  at  lower  inhaled  doses  had  a  protracted  disease  course  where 

24  euthanasia  criteria  was  not  met  until  as  late  as  day  19  post  exposure.  Clinical  signs  were 

25  observed  as  early  as  3  to  4  days  post-exposure,  including  fever,  ruffled  fur,  decreased  grooming, 

26  and  lymphopenia.  Clinical  signs  of  disease  increased  in  severity  as  disease  progressed  to  include 

27  decreased  body  weight,  subdued  behavior,  tremors,  and  lack  of  balance.  Fever  was  evident  as 

28  early  as  day  2-3  post  exposure  in  the  highest  dose  groups  and  hypothermia  was  observed  in 

29  several  cases  as  animals  became  moribund.  Infectious  virus  was  found  in  several  key  tissues, 

30  including  brain,  liver,  kidney,  and  lymph  nodes.  Clinical  hematology  results  included  early 

31  neutrophilia,  lymphopenia,  and  thrombocytopenia.  Key  pathological  changes  included 

32  meningoencephalitis  and  retinitis.  Immunohistochemical  staining  for  viral  antigen  was  positive 

33  in  the  brain,  retina,  and  lymph  nodes.  More  intense  and  widespread  IHC  labeling  occurred  with 

34  increased  aerosol  dose.  In  summary,  we  have  estimated  the  medial  lethal  dose  of  aerosolized 

35  EEEV  and  described  the  pathology  of  clinical  disease  in  the  marmoset  model.  The  results 
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36  demonstrate  that  the  marmoset  is  an  animal  model  suitable  for  emulation  of  human  EEEV 

37  disease  in  the  development  of  medical  countenneasures. 

38  Key  words 

39  Animal  model,  alphavirus,  immunity,  nonhuman  primate,  pathogenesis 
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40  Introduction 

41  New  world  alphaviruses,  such  as  EEEV,  are  the  cause  of  highly  pathogenic  disease  in 

42  equines  and  humans  and  which  can  manifest  as  severe  encephalitis  in  humans.  Due  to  high 

43  infectivity,  ability  to  induce  devastating  disease,  ease  of  production,  high  degree  of  stability,  and 

44  the  potential  for  aerosolization,  EEEV  is  considered  a  potential  biological  threat  agent  against 

45  both  the  Warfighter  and  civilians  and  is  classified  as  a  category  B  pathogen  by  the  CDC  and 

46  NIAID  (NIAID,  2016).  EEEV  is  a  single-stranded,  positive-sense  RNA  virus  found  in  the 

47  eastern  half  of  North  America  (Reed,  2007).  EEEV  is  considered  one  of  the  deadliest  mosquito- 

48  borne  alphaviruses  with  mortality  rates  as  high  as  80-90%  in  horses  (Go,  2014).  Long  tenn 

49  neurological  sequelae  are  observed  in  about  66%  of  surviving  equines  (Go,  2014).  In  humans, 

50  severe  infection  can  result  in  neurological  invasion  and  encephalitis  with  mortality  rates  ranging 

51  from  33-70%  (Gaensbauer,  2014;  Arechiga-Ceballos  &  Aguilar-Setien,  2015).  Encephalitic 

52  patients  often  experience  severe  symptoms  of  disease  including  high  fever,  headache,  vomiting, 

53  general  or  focal  seizures,  and  coma;  long  tenn  neurological  sequelae  may  persist  in  survivors  and 

54  include  both  motor  and  cognitive  impainnents  (Petersen  &  Gubler,  2003;  Arechiga-Ceballos  & 

55  Aguilar-Setien,  2015).  Until  recently,  EEEV  was  considered  to  consist  of  four  genetic  lineages 

56  (Arrigo,  2010).  Lineage  I  was  considered  to  be  the  North  American  (NA)  variant  of  EEEV, 

57  while  lineages  II,  III  and  IV  were  the  South  American  (SA)  variants.  The  latter  three  lineages 

58  have  now  been  classified  as  a  new  viral  species,  Madariaga  virus  (Arrigo  2010).  EEEV  strains 

59  (previously  referred  to  as  NA  strains)  are  transmitted  by  the  mosquito  vector  and  are  prevalent  in 

60  coastal  and  swampy  regions  of  the  eastern  United  States;  between  2003  through  2012,  89  cases 

61  of  EEEV  were  confirmed  in  the  US  (Gaensbauer,  2014).  The  geographical  range  of  EEEV 

62  infections  stretched  from  the  Gulf  to  Atlantic  coasts,  and  the  vast  majority  of  cases  reported  were 
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63  from  Florida,  Massachusetts,  Alabama,  North  Carolina,  New  Hampshire,  Louisiana,  and  Georgia 

64  (Gaensbauer,  2014). 

65  The  need  for  licensed  vaccines  and  antiviral  therapeutics  for  human  use  in  the  event  of 

66  EEEV  infection  has  fostered  research  efforts  to  characterize  animal  models  which  can  be  used  to 

67  assess  efficacy  of  novel  countenneasures.  Mannosets  are  a  nonhuman  primate  (NHP)  species 

68  that  have  been  used  in  a  wide  range  of  research  efforts  for  human  disease  such  as  reproductive 

69  biology,  behavioral  research,  and  most  importantly  biomedical  research  (Ziihlke,  2003;  Garea- 

70  Rodriguez,  2016).  Marmosets  have  previously  been  used  to  assess  intranasal  EEEV  infection 

71  (Adams,  2008).  The  small  size  of  the  marmoset  allows  for  easy  handling,  reasonable  housing 

72  space,  and  provides  greater  amounts  of  test  material  for  research  than  traditional  rodent  models. 

73  The  ease  of  breeding  in  captivity  coupled  with  the  fact  that  the  numbers  of  animals  in  the  wild 

74  are  not  threatened  represent  additional  considerations  for  the  justification  and  use  of  this  species 

75  in  biomedical  research  (Mansfield,  2003,  Ziihlke,  2003,  Adams,  2008). 

76  In  the  present  study,  the  aerosol  route  of  EEEV  infection  was  evaluated  in  the  common 

77  marmoset.  Marmosets  were  exposed  to  a  range  of  aerosolized  EEEV  doses  to  estimate  the 

78  median  lethal  dose  and  to  examine  the  course  of  pathogenesis  of  EEEV  disease.  Such  assessment 

79  is  critical  for  the  development  of  the  marmoset  as  an  animal  model  that  can  realistically  mimic 

80  human  disease  and  to  compare  the  responses  in  the  marmoset  to  other  animal  models  of  EEEV 

81  disease  following  aerosol  infection  (e.g.,  cynomolgus  macaques).  Some  of  the  features  of  human 

82  disease  which  have  been  observed  in  the  cynomolgus  macaque  model  of  EEEV  infection  include 

83  clinical  and  pathological  changes  (Reed,  2007).  We  describe  the  differential  effects  of  dose  on 

84  the  immune  cell  populations  in  the  blood,  blood  chemistry,  viral  burden  in  tissue,  fever,  body 

85  weight,  and  changes  in  blood  oxygen  saturation  levels  as  part  of  the  clinical  symptoms  and 
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86  pathology.  These  results,  particularly  the  differential  dose  effects  of  aerosolized  EEEV  on  fever, 

87  virus  dissemination,  neurological  signs,  and  hematological  parameters,  reveal  that  the  common 

88  marmoset  is  a  promising  model  of  lethal  inhalational  EEEV  infection  for  use  in  the  development 

89  of  medical  countenneasures. 

90 
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91  Materials  and  Methods 

92  Animals 

93  Five  healthy,  adult  common  marmosets  ( Callithrix  jacchus )  (1  male,  4  females)  were 

94  obtained  from  the  United  States  Army  Medical  Research  Institute  of  Infectious  Diseases 

95  (USAMRIID)  nonhuman  primate  colony.  All  marmosets  were  detennined  to  be  naive  to 

96  previous  alphavirus  infection  and  to  be  free  of  common  opportunistic  pathogens  to  include 

97  lymphocytic  choriomeningitis  virus  (LCMV)  Salmonella,  Shigella,  Camplyobacter,  and 

98  Klebsiella  pneumoniae.  All  marmosets  ranged  between  290  and  375  grams  in  weight  and  were 

99  between  2  and  4  years  of  age  at  the  time  of  study.  Mannosets  were  given  water  ad  libitum, 

100  received  the  customary  marmoset  diet  twice  daily,  dietary  enrichment  daily  following  exposure, 

101  as  well  as  conventional  environmental  enrichment.  Animals  were  surgically  implanted  with 

102  subcutaneous  Data  Sciences  International  (DSI)  TA-F40  telemetry  implants  to  remotely  monitor 

103  temperature.  Approximately  one  week  prior  to  aerosol  exposure,  animals  were  moved  to 

104  biosafety  level-3  facilities  at  USAMRIID  and  housed  in  cages  that  were  modified  for  mannosets. 

105  The  animals  were  housed  in  rooms  that  were  maintained  at  approximately  25°C  and  on  a  12  hr 

106  light/dark  cycle. 

107  Research  was  conducted  under  an  IACUC-approved  protocol  in  compliance  with  the 

108  Animal  Welfare  Act,  PHS  Policy,  and  other  Federal  statutes  and  regulations  relating  to  animals 

109  and  experiments  involving  animals.  The  facility  where  this  research  was  conducted  is  accredited 

110  by  the  Association  for  Assessment  and  Accreditation  of  Laboratory  Animal  Care,  International 

111  and  adheres  to  principles  stated  in  the  Guide  for  the  Care  and  Use  of  Laboratory  Animals, 

112  National  Research  Council,  2011. 

113 
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114  Virus 

115  The  FL93-939  strain  is  a  prototype  North  American  EEEV  strain.  It  was  originally 

116  isolated  from  a  pool  of  mosquitoes  ( Culiseta  melanura)  from  Florida  in  1993.  The  virus  was  a 

117  kind  gift  from  Dr.  Scott  Weaver,  University  of  Texas  Medical  Branch.  The  virus  isolate  was 

118  subjected  to  one  pass  through  C636  cells,  one  pass  in  suckling  mouse  brain,  one  pass  on  Vero 

119  cells,  and  one  pass  on  BHK  cells  at  USAMRIID  to  produce  the  sucrose-purified  stock.  Purified 

120  virus  was  diluted  to  the  appropriate  concentration  in  unsupplemented  Eagle’s  Modified  Essential 

121  Medium  with  non-essential  amino  acids  (EMEM  w/NEAA)  prior  to  aerosol  exposure. 

122  Aerosol  Challenge 

123  In  preparation  for  aerosol  challenge,  marmosets  were  initially  anesthetized  with 

124  Isoflurane  and  maintained  with  Ketamine-Acepromazine  (Ket-Ace)  during  the  aerosol  exposure 

125  procedure.  Each  marmoset  was  exposed  to  aerosolized  EEEV  in  a  head-only  exposure  chamber 

126  contained  in  a  class  III  biological  safety  cabinet  inside  a  BSL-3  laboratory.  Aerosol  exposure 

127  was  controlled  and  monitored  using  the  Automated  Bioaerosol  Exposure  system  (ABES) 

128  (Hartings  &  Roy,  2004).  Delivery  of  the  target  aerosol  dose  was  based  on  calculations  of  minute 

129  volume  based  on  Guyton’s  formula,  taking  into  consideration:  (1)  the  flow  to  volume  ratio  of  the 

130  exposure  chamber,  (2)  the  starting  EEEV  concentration  in  the  Collison  nebulizer  and  (3)  the 

131  spray  factor  calculated  from  sham  experiments  using  the  virus  stock  (Guyton,  1947).  All 

132  exposures  were  generated  with  a  three-jet  Collision  nebulizer  and  air  passing  through  the 

133  exposure  chamber  was  collected  for  sampling  in  an  all-glass  impinger  (AGI)  (Reed,  2004).  Titer 

134  of  the  aerosolized  agent  collected  in  AGIs  was  detennined  for  each  exposure  by  viral  plaque 

135  assay.  The  actual  inhaled  dose  of  EEEV  was  calculated  based  on  the  concentration  and  volume 


Page  8  of  43 


UNCLASSIFIED 


TR-1 6-143 

DISTRIBUTION  STATEMENT  A:  Approved  for  public  release;  distribution  is  unlimited. 


136  of  the  AGI  samples,  the  estimated  minute  volume,  and  flow  rate  of  the  aerosol  sampler  using  the 

137  following  formula: 

138  Inhaled  Dose=  C(AGI)  x  V(AGI)  x  MV  /  Q(AGI) 

139  Where  inhaled  dose  (PFU)  is  calculated  based  on:  C,  the  concentration  (PFU/ml)  of  the  virus 

140  sampled  from  the  AGI;  V,  the  volume  contained  in  the  AGI  sample  (ml);  MV,  the  minute 

141  volume  (ml/min)  for  each  animal  estimated  from  Guyton’s  fonnula;  and  Q,  the  flow  rate  of  the 

142  AGI  sampler  (ml/min). 

143  Telemetry  Analysis 

144  Prior  to  aerosol  challenge,  all  marmosets  were  surgically  implanted  with  a  subcutaneous 

145  Data  Sciences  International  (DSI)  (St.  Paul,  MN)  radiotelemetry  device  (TA-F40)  to  monitor 

146  body  temperature  and  activity.  Temperature  was  recorded  using  the  DataQuest  A.R.T  4.1  system 

147  (DSI).  The  system  was  set  to  collect  data  every  five  minutes,  starting  at  7  days  prior  to  aerosol 

148  exposure  and  continuing  until  day  28  post-exposure  or  earlier  if  euthanasia  criteria  were  met. 

149  Bayesian  estimation  of  the  distribution  of  daytime  body  temperature  for  each  marmoset  prior  to 

150  aerosol  challenge  was  used  to  compute  a  credible  range  for  body  temperatures  using  SAS 

151  Markov  chain  Monte  Carlo  simulation  procedure  (PROC  MCMC).  Data  analysis  included 

152  temperature  measurements  that  were  compatible  with  life  (i.e.,  <  42°C).  A  99.7%  credible  range 

153  was  generated  for  each  animal’s  daytime  body  temperature,  analogous  to  an  interval  of  ±3 

154  standard  deviations  for  a  normally  distributed  variable.  All  post-aerosol  challenge  temperature 

155  readings  were  compared  to  the  expected  temperature  interval  estimated  for  each  animal. 

156  Temperature  measurements  above  the  upper  limit  of  the  estimated  interval  were  noted  as 

157  elevated  and  used  to  compute  fever  summary  statistics. 

158  Observation  and  Clinical  Evaluation 
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159  Marmoset  clinical  observations  began  three  days  prior  to  aerosol  exposure  for  a  baseline 

160  appearance  and  behavior  appraisal  and  continued  minimally  twice  daily  post-exposure.  Several 

161  factors  were  used  when  evaluating  clinical  signs  of  disease  for  each  marmoset.  Clinical 

162  observation  parameters  included:  (1)  neurological  signs  (0  =  nonnal;  1  =  loss  of  coordination;  2 

163  =  occasional  tremors;  3  =  loss  of  balance;  4  =  frequent  tremors/seizures),  (2)  temperature  (0 

164  =nonnal;  1  =  >  1°C  above  baseline;  2  =  2°C  above  baseline;  3  =  3°C  above  or  below  baseline;  15 

165  =  4°C  below  baseline),  (3)  appearance  (0  =  normal;  1  =  reduced  grooming;  2  =  dull/  rough  coat, 

166  ocular  nasal  discharge;  3  =  lethargy;  4  =  piloerection,  hunched  up),  (4)  natural  behavior  (0  = 

167  nonnal;  1  =  minor  changes,  2  =  little  peer  interaction,  less  mobile,  3  =  no  peer  interaction, 

168  vocalization,  or  self-mutilation)  and  (5)  provoked  behavior  (0  =  normal;  1  =  subdued  when  not 

169  stimulated,  2  =  subdued  when  stimulated,  15  =  unresponsive/weak,  pre-comatose).  To  further 

170  assess  the  health  status  of  the  marmosets,  animals  were  anesthetized  every  three  days  for 

171  collection  of  weight  and  to  conduct  a  physical  examination.  During  this  time,  blood  samples 

172  were  collected  for  complete  blood  count  (CBC)  analysis.  White  blood  cell  (WBC)  counts  were 

173  included  in  the  clinical  scoring  of  the  animals.  Scoring  criteria  for  WBC  were  as  follows:  0  = 

174  nonnal;  1  =  10-12  K/  pi;  2  =  12-14  K/pl;  3  =  14-20  K/pl;  4  =  >  20  K/pl.  In  addition,  blood 

175  oxygen  saturation  was  detennined  every  three  days  using  a  pulse  oximeter.  Animals  with  a  total 

176  clinical  score  >15  met  euthanasia  criteria. 

177  Plaque  Assay 

178  Dissemination  of  infectious  virus  in  blood  and  tissues  was  assessed  by  plaque  assay. 

179  Briefly,  USAMRIID  Vero  76  cells  were  seeded  on  6  well  tissue  culture  plates  and  grown  to  90- 

180  95%  confluence.  Samples  were  serially  diluted  in  Hanks’  Balanced  Saline  Solution  (HBSS). 

181  Cells  were  infected  with  0.1  mL  of  serially  diluted  samples  per  well,  in  triplicate.  Plates  were 
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182  incubated  at  37°C,  5%  COo  for  lh  with  gentle  rocking  every  15  minutes.  After  lh,  cells  were 

183  overlaid  with  BME  (Gibco  A15950DK)  containing  0.6  %  agar  supplemented  with  10%  heat- 

184  inactivated  FBS,  2%  Penicillin/Streptomycin  (10,000  IU/ml  and  10,000  pg/ml,  respectively),  and 

185  further  incubated  for  24h  at  37°C,  5%  CO2.  A  second  agarose  overlay,  prepared  as  described 

186  above,  containing  5%  neutral  red  vital  stain  (Gibco  02-0066DG)  was  added  to  wells  and  further 

187  incubated  for  18-24h  for  visualization  of  plaques  and  detennination  of  viral  concentration  in 

188  each  sample  [virus  plaque  forming  units  (PFU)  value]. 

189  Semi-Quantitative  RT-PCR 

190  Viral  RNA  was  detected  by  reverse-transcriptase  polymerase  chain  reaction  (RT-PCR). 

191  Viral  RNA  from  blood  and  swab  samples  was  isolated  using  QIAamp  Viral  RNA  mini  kit 

192  (QIAGEN,  Valencia,  CA).  RNA  from  tissue  samples  was  isolated  using  RNeasy  mini-protect  kit 

193  (QIAGEN,  Valencia,  CA).  Semi-quantitative  reverse  transcriptase-PCR  (RT-PCR)  was  used  for 

194  detection  of  viral  RNA  from  oral  swab  samples  as  well  as  blood  and  tissue  samples  from  the 

195  study  marmosets.  The  EEEV  viral  RNA  assay  was  designed  to  amplify  a  portion  of  nonstructural 

196  protein  1  (nspl)  of  the  Georgia  97  strain  of  EEEV  using  the  following  primers  and  probe, 

197  respectively:  EEEV  Forward  5  ’  -T GC AAAgAT GCTTTCC-3  ’ ,  EEEV  Reverse  5  ’  - 

198  TCACCTGGTCTGTATCCA-3’,  and  the  dual-labeled  TaqMan  probe  5’- 

199  CAACGCAGGTCACTGACAAT-3’.  Quantification  of  viral  RNA  in  samples  was  achieved  by 

200  comparison  of  unknown  blood  and  tissue  samples  to  an  RNA  standard  generated  from  EEEV 

201  FL93-939  virus,  which  is  the  same  virus  strain  used  for  the  aerosol  exposure  of  experimental 

202  animals.  The  standard  curve  ranged  from  5.0  x  107  [upper  limit  of  detection  (ULOQ)]  to  5.0  x 

203  10“  viral  RNA  copies  [lower  limit  of  detection  (LLOQ)].  Repeated  attempts  to  amplify  virus 

204  below  the  LLOQ  failed  to  consistently  and  reliably  demonstrate  amplification,  thus  the  LLOQ 
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9 

205  was  set  at  5.0  x  10"  viral  RNA  copies.  Positive  and  negative  extraction  controls  were  created  by 

206  supplementing  uninfected  NHP  blood  with  a  known  amount  of  EEEV  FL93-939  virus  (5.0  x  104 

207  viral  genomic  copies)  and  RNase-free  water,  respectively. 

208  Pathology 

209  Necropsies  were  performed  on  each  marmoset  under  BSL-3  conditions.  Tissues  were 

210  collected  from  all  major  organs  in  the  body  for  histopathological  and  immunohistochemical 

211  assessment.  Tissues  were  immersion  fixed  in  10%  buffered  fonnalin  and  held  in  biocontainment 

212  for  a  minimum  of  2 1  days.  Tissues  for  histopathology  underwent  routine  histologic  processing, 

213  were  embedded  in  paraffin,  sectioned,  and  stained  with  hematoxylin  and  eosin. 

214  Immunohistochemistry  was  perfonned  on  all  tissue  sections  using  a  rabbit  anti-Alphavirus 

215  (#1 140)  antibody  (1:8000  dilution)  and  a  commercial  immunoperoxidase  detection  kit  (EnVision 

216  System,  Dako  Corp.,  Carpinteria,  CA).  After  pretreatment  with  a  TRIS/EDTA  buffer  (pH  9.0)  at 

217  97°C  for  30  minutes,  primary  and  secondary  antibodies  were  applied  and  the  slides  were 

218  incubated  with  substrate-chromagen  solution  according  to  the  manufacturer's  recommendations. 

219  Sections  were  counterstained  with  hematoxylin. 

220 

221 
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222  Results 

223  Aerosol  Exposure 

224  To  evaluate  the  common  marmoset  ( Callithrix  jacchus)  as  an  animal  model  of 

225  aerosolized  EEE,  five  marmosets  were  challenged  with  increasing  doses  of  EEEV  in  a  whole- 

226  body  aerosol  exposure  chamber  and  then  observed  to  detennine  how  well  the  marmoset  model 

227  emulated  human  disease.  The  individual,  inhaled  doses  obtained  for  each  of  the  exposed 

228  marmosets  were:  2.40  x  101  PFU,  1.15  x  103  PFU,  1.20  x  104  PFU,  9.76  x  104  PFU  and  7.95  x 

229  1 0"  PFU.  At  the  doses  of  aerosolized  EEEV  tested,  three  marmosets  reached  euthanasia  criteria, 

230  marmoset  5  (highest  inhaled  dose  of  7.95  x  105  PFU)  was  found  dead  in  the  cage,  and  marmoset 

231  1,  which  received  the  lowest  dose  (2.40  x  101  PFU),  survived  throughout  the  period  of 

232  observation.  Clinical  and  physiological  changes  were  assessed  and  diagnostic  tests  were  used  to 

233  monitor  blood  and  tissue  dissemination  of  the  virus  in  the  marmosets. 

234  Clinical  signs 

235  Marmosets  were  observed  for  the  development  of  clinical  signs  indicative  of  EEE  disease 

236  in  accordance  with  the  scoring  system  described  in  the  Material  and  Methods  section. 

237  Subtle  changes  in  the  appearance  and  behavior  of  animals  was  observed  as  early  as  day  2 

238  following  EEEV  aerosol  exposure,  and  by  day  3,  all  marmosets  had  presented  with  clinical  signs 

239  (Figure  1).  The  marmoset  receiving  the  highest  dose  of  aerosolized  EEEV  (Mannoset  5,  inhaled 

240  dose  7.95  x  105  PFU)  showed  clinical  signs  as  early  as  day  2  following  exposure  and  was  found 

241  dead  in  the  cage  on  day  4.  This  marmoset  succumbed  to  disease  quickly  at  this  dose  and 

242  therefore  displayed  a  much  more  abbreviated  disease  course.  The  next  mannoset  received  an 

243  aerosol  dose  that  was  approximately  under  one  half  -log  below  the  inhaled  dose  of  marmoset  5 

244  (marmoset  4,  inhaled  dose  9.76  x  104  PFU).  Marmoset  4  displayed  a  similar,  but  more  prolonged 
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245  course  of  disease  than  that  of  Marmoset  5.  The  clinical  scores  were  higher  between  days  3  and  4 

246  and  Mannoset  4  reached  euthanasia  criteria  by  day  6,  two  days  later  than  marmoset  5.  The 

247  lowest  lethal  inhaled  dose  achieved  was  1.15  x  10  PFU  (marmoset  2),  which  resulted  in  a 

248  prolonged  study  observation  period  (marmoset  reached  euthanasia  criteria  on  day  19  post 

249  exposure).  Marmoset  3  received  an  intennediate  dose  of  1.2  x  104  PFU  which  corresponded  to  a 

250  survival  profile  observed  to  fall  between  the  lower  and  higher  doses;  the  marmoset  reached 

251  euthanasia  criteria  on  day  12  post  exposure.  Marmoset  1  (inhaled  dose:  2.4  x  101  PFU)  survived 

252  and  displayed  only  marginal,  observable  clinical  changes,  mainly  between  days  4  and  12. 

253  Ruffled  fur  and  reduced  grooming  of  marmoset  1  were  the  first  visual  signs  of  infection  to  be 

254  noted  in  the  daily  observations.  Lethargy,  decreased  interaction,  slight  piloerection,  tremors,  and 

255  lack  of  balance  were  noted  in  several  of  the  animals  that  met  euthanasia  criteria  and  received 

256  higher  inhaled  doses  of  EEEV.  At  later  times  in  the  disease  course,  marmosets  became  more 

257  subdued  in  their  behavior  and  response  to  stimulation  was  absent,  even  when  provoked. 

258  The  effect  of  EEEV  exposure  on  mannoset  body  weight  was  assessed.  Considerable  weight 

259  loss  was  observed  between  day  -3  and  study  endpoint  in  marmosets  3  (inhaled  dose  1.2  x  104 

260  PFU)  and  marmoset  4  (inhaled  dose  9.76  x  104  PFU)  with  a  loss  in  body  weight  of  6.25%  and 

261  13.3%,  respectively  (Figure  2).  The  rapid  progression  of  disease  into  lethality  observed  for 

262  Marmoset  5,  which  received  the  highest  EEEV  dose  resulted  in  a  marginal  decrease  in  weight 

263  between  day  -3  and  day  4  post  exposure  (endpoint).  For  doses  below  1.2  x  104  PFU,  a  slight 

264  weight  increase  was  observed  (4.02%  increase  for  marmoset  2)  and  1.34%  decrease  for 

265  mannoset  1.  These  results  indicate  that  weight  loss  was  observed  to  be  greater  in  marmosets  that 

266  received  higher  aerosol  doses.  In  fact,  the  dose  range  encompassing  marmosets  3  and  4  was  the 

267  critical  interface  where  clinical  manifestations  and  body  weight  loss  were  most  evident. 
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268  We  next  addressed  the  hematological  changes  occurring  in  marmosets  receiving  distinct 

269  aerosol  doses.  For  this  purpose,  CBCs  were  performed  on  samples  collected  pre-exposure  and 

270  then  on  days  3,  6,  9,  12,  15,  18,  21,  24,  27  and  at  study  endpoint  (Figure  3).  Marmosets  that 

271  received  lower  doses  of  EEEV  initially  displayed  a  decrease  in  WBCs  on  days  3  to  9  post 

272  exposure  (Figure  3A).  Overall,  an  increase  in  total  white  blood  cell  (WBC)  count  was  observed 

273  in  marmosets  that  progressed  through  the  disease  course  (Figure  3A).  Sharp  increases  in  WBCs 

274  and  neutrophils  (a  clear  contributor  to  the  overall  increase  in  WBCs)  occurred  during  the  final 

275  days  of  disease  (Figures  3A  and  3B,  respectively)  for  marmosets  that  received  a  lethal  dose.  The 

276  increase  in  the  number  of  lymphocytes  (Figure  3C)  followed  a  trend  similar  to  that  of  the 

277  neutrophils  (Figure  3B)  for  the  marmosets  receiving  lethal  aerosol  doses.  A  biphasic  lymphocyte 

278  response  was  noted  for  the  surviving  marmoset  1 .  A  steady  increase  in  monocytes  was  noted  in 

279  marmosets  2  and  3  over  the  course  of  infection.  There  was  a  sharp  increase  in  monocytes  in 

280  marmoset  2between  days  10-18.  Likewise,  monocytosis  was  observed  for  marmoset  1  (the  lone 

281  surviving  animal)  between  days  9  and  18,  but  resolved  thereafter  until  the  end  of  study  (Figure 

282  3D).  In  general,  the  number  of  platelets  showed  a  downward  trend  over  the  course  of  infection. 

283  The  surviving  marmoset  1  had  a  substantial  drop  in  platelets  between  days  3  and  9;  however  this 

284  was  resolved  by  the  end  of  the  study  (Figure  3E).  No  animal  displayed  signs  of  anemia  during 

285  the  course  of  study;  levels  for  hemoglobin,  hematocrit,  and  RBC  remained  within  normal  levels 

286  throughout  the  study  (data  not  shown). 

287  Fever  onset  and  duration,  followed  a  dose-dependent  pattern  (Figure  4).  With  the 

288  exception  of  marmoset  1  that  received  the  lowest  dose,  all  other  marmosets  developed  fever  as 

289  defined  by  a  temperature  change  that  was  three  standard  deviations  (SD)  over  the  average  body 

290  temperature  for  that  animal  and  occurring  on  at  least  three  consecutive  readings  (Figure  4  and 
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291  Table  1).  Although  marmoset  1  revealed  sporadic  spikes  in  temperature  resembling  fever,  those 

292  spikes  did  not  occur  continuously  (data  not  shown).  This  animal  was  the  only  one  which 

293  survived  aerosol  exposure  until  the  end  of  the  study.  In  marmosets  receiving  the  highest  EEEV 

294  doses  (marmosets  4  and  5),  fever  occurred  earlier  and  had  a  shorter  duration  (see  Figures  1,  4D, 

295  4E,  and  Table  1),  and  for  lower  inhaled  doses,  fever  was  more  prolonged  as  was  the  course  of  the 

296  disease  (see  Figures  1,  4B,  4C,  and  Table  1).  The  common  aspect  for  the  marmosets  that  met 

297  euthanasia  criteria  was  an  increase  in  body  temperature  (fever),  at  times  considerable, 

298  immediately  followed  by  a  noticeable  drop  in  the  animal’s  body  temperature  as  the  animal 

299  became  moribund  (Figure  4B-E).  In  contrast,  the  surviving  marmoset  (marmoset  1)  retained  a 

300  steady  body  temperature  throughout  the  course  of  the  study  without  onset  of  fever.  In  the 

301  exposed  marmosets,  fever  persisted  for  25  hr  to  122  hr.  Mannoset  2,  which  received  the  lowest 

302  lethal  aerosol  dose  of  EEEV,  exhibited  the  most  prolonged  period  of  fever  (Table  1).  In  all 

303  animals,  fever  peaked  at  approximately  40°C,  except  for  mannoset  5  which  peaked  at  43.6°C. 

304  Oxygen  saturation  levels  in  blood  were  also  collected  to  further  evaluate  the  health  status 

305  of  the  marmosets  in  the  study.  These  data  were  obtained  using  a  pulse  oximeter  (Figure  5). 

306  Variation  in  oxygen  saturation  was  more  evident  in  marmosets  receiving  intermediate  doses  of 

307  EEEV  aerosol  (i.e.,  marmoset  3:  1.20  x  104  PFU  and  mannoset  4:  9.76  x  104  PFU  in  Figure  5. 

308  The  sharp  change  in  oxygen  saturation  observed  for  the  mannosets  exposed  to  intermediate 

309  doses  were  not  noted  in  those  animals  receiving  either  the  highest  or  the  two  lowest  EEEV  doses. 

310  No  dramatic  changes  in  percent  oxygen  saturation  were  noted  in  mannosets  that  received  highest 

311  and  two  lower  doses  of  EEEV.  Compared  to  pre-exposure  values  (day  -3),  percent  oxygen 

312  saturation  decreased  from  94%  at  day  -3  pre-aerosol  exposure  to  86%  at  study  endpoint  (day 
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313  +12)  for  marmoset  3  (Figure  5).  A  similar  drop  was  seen  for  marmoset  4  (9.76  x  104  PFU)  from 

314  98%  (day  -3)  to  87%  (study  endpoint,  day  +6). 

315  Viral  Dissemination 

316  The  presence  of  virus  in  tissues,  whole  blood,  and  oral  swabs  collected  from  infected 

317  marmosets  was  assessed  either  by  plaque  assay  or  by  RT-PCR.  Tissues  were  collected  from  the 

318  marmosets  at  necropsy,  while  the  blood  and  oral  swab  samples  were  collected  3  days  before 

319  aerosol  exposure  and  compared  to  samples  taken  at  least  every  3  days  after  aerosol  exposure  at 

320  physical  examination  while  under  anesthesia.  Infection  was  found  to  be  widely  disseminated  in 

321  tissues  of  marmosets  that  received  the  higher  EEEV  aerosol  doses  (see  marmosets  3,  4  and  5  in 

322  Table  2).  Marmoset  1  which  received  a  non-lethal  dose  was  the  only  animal  with  no  detectable 

323  EEEV  in  tissues  by  either  plaque  assay  or  RT-PCR  (Table  2).  Virus  was  detected  in  brain  by  at 

324  least  one  of  the  detection  methods  in  all  marmosets  that  received  a  lethal  dose  (i.e.,  marmosets  2 

325  through  5).  The  liver  and  kidney  had  detectable  levels  (by  at  least  one  method)  of  virus  in  the 

326  marmosets  that  received  the  three  highest  EEEV  doses  (i.e.,  marmosets  3  through  5).  EEEV  was 

327  detected  in  the  mesenteric  lymph  node  and  heart  of  marmosets  receiving  high  doses  of 

328  aerosolized  EEEV.  Virus  was  detected  in  the  lungs  only  by  plaque  assay  and  only  in  the 

329  marmoset  that  received  the  highest  dose  of  EEEV. 

330  EEEV  was  detected  in  the  inguinal  and  mandibular  lymph  nodes  by  both  plaque  assay 

331  and  RT-PCR  in  marmoset  3,  an  animal  that  received  an  intennediate  dose  of  EEEV  and  survived 

332  to  day  12  post  exposure.  The  adrenal  gland  was  positive  in  the  marmoset  that  received  the 

333  highest  dose.  Only  mannoset  1  tested  positive  for  EEEV  RNA  in  the  blood  by  RT-PCR  at  days  9 

334  and  12  post  (Table  3).  When  assessed  by  plaque  assay,  viremia  was  not  detected  in  any  animals 

335  at  any  time  point.  Oral  swabs  were  also  negative  for  EEEV  by  either  plaque  assay  or  RT-PCR. 
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336  Comparison  of  results  between  plaque  assay  and  RT-PCR  should  be  approached  with  caution  as 

337  differences  in  sensitivity  and  sample  recovery  between  these  two  assays  may  help  explain,  at 

338  least  in  part,  why  some  samples  are  positive  for  one  assay  but  not  the  other. 

339  Pathology 

340  No  gross  lesions  were  present  at  necropsy  in  any  animal,  irrespective  of  dose  or  disease 

341  outcome.  Histologic  evaluation  revealed  few  changes  between  doses  in  the  animals  that  reached 

342  euthanasia  criteria.  Clinical  disease  progressed  similarly,  but  the  observations  varied  temporally 

343  depending  on  the  aerosol  dose  with  the  exception  of  the  observation  of  vasculitis.  Vasculitis  was 

344  apparent  in  marmosets  that  received  doses  greater  than  1.0  x  104  PFU.  The  histologic  changes 

345  included  acute  to  subacute  meningoencephalitis  (Figure  6A)  with  neuronal  necrosis  and 

346  prominent  vasculitis  (Figure  6B)  present  within  the  brain  of  mannosets  infected  at  higher  doses 

347  (>1.0  x  104  PFU).  The  surviving  marmoset,  however,  did  not  have  any  histologic  changes 

348  present.  Of  those  with  histologic  lesions,  the  portions  of  the  brain  most  severely  affected  were 

349  the  frontal  cortex,  corpus  striatum,  thalamus;  mesencephalon,  pons,  medulla  oblongata  and 

350  cerebellum.  The  meningoencephalitis  consisted  of  infiltration  of  mononuclear  inflammatory 

351  cells  with  high  numbers  of  neutrophils.  Additional  changes  described  included  neuronal  cell 

352  death  (Figure  6C  and  6D),  gliosis,  satellitosis,  edema,  and  vasculitis.  Hemorrhage  was 

353  occasionally  present.  Table  4  summarizes  the  pathologies  observed  in  the  EEEV  infected 

354  mannosets. 

355  Presence  of  EEEV  in  select  tissues  was  demonstrated  using  immunohistochemistry 

356  (IHC).  Positive  IHC  staining  for  EEEV  antigen  was  observed  in  neurons  within  the  brain  (Figure 

357  7)  and  the  retina.  Regions  of  brain  with  strongest  IHC  labeling  were  the  frontal  cortex,  corpus 

358  striatum,  thalamus,  mesencephalon,  and  pons.  Other  tissues  with  positive  IHC  staning  included 

Page  18  of  43 


UNCLASSIFIED 


TR-1 6-143 

DISTRIBUTION  STATEMENT  A:  Approved  for  public  release;  distribution  is  unlimited. 


359  macrophages/dendritic  cells  within  the  mandibular  and  axillary  lymph  nodes,  interstitial  cells  of 

360  the  ovary,  and  cells  of  the  inner  ear  (data  not  shown).  Nasal  turbinates,  nasal  septum,  and  tooth 

361  pulp  were  also  examined  but  were  negative  for  the  presence  of  viral  antigen  by  IHC  staining.  No 

362  histologic  changes  were  noted  in  the  retina,  despite  positive  IHC  antigen  staining  (Tables  4  and 

363  5). 

364 
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365  Discussion 

366  New  world  alphaviruses  represent  a  recognized  biological  threat  that  can  be  intentionally 

367  delivered  by  aerosol;  new  vaccines  are  being  developed  but  must  be  tested  for  efficacy  against 

368  alphavirus  inhalation  exposure  (Spurgers  &  Glass,  2011).  Currently,  efficacy  testing  relies 

369  greatly  on  the  availability  of  adequate  animal  models  which  can  emulate  human  disease.  The 

370  overarching  purpose  of  the  present  work  was  to  investigate  the  common  marmoset  ( Callithrix 

371  jacchus)  as  a  model  of  inhalational  disease  for  EEEV. 

372  In  the  past,  the  mouse  has  been  routinely  used  as  an  animal  model,  but  because  mice  can 

373  develop  natural  immunity  to  peripheral  EEEV  challenge,  the  use  of  this  model  has  to  be  carefully 

374  considered  (Steele  &  Twenhafel,  2010).  In  addition  to  mice,  various  other  animal  models  have 

375  also  been  used  in  inhalation  studies  of  EEEV,  including  hamsters,  guinea  pigs,  and  both  rhesus 

376  and  cynomolgus  macaque  non-human  primates  (NHP).  Although  mice  and  hamster  are  highly 

377  sensitive  inhalation  models  of  alphavirus  disease,  the  vascular  manifestation  that  is  usually  fatal 

378  in  humans  is  a  shortfall  for  the  murine  model  (Lui,  1970)  and  the  fulminant  course  of  disease  is  a 

379  limitation  in  the  hamster  (Rebecca  Erwin-Cohen,  personal  communication).  Guinea  pigs 

380  demonstrate  a  disease  profile  consistent  with  that  observed  in  humans  including  the  development 

381  of  neurological  sequelae  in  the  surviving  animals  (Roy,  2009;  Rebecca  Erwin-Cohen,  personal 

382  communication).  The  effects  of  EEEV  infection  have  been  assessed  in  both  rhesus  and 

383  cynomolgus  macaque  nonhuman  primate  species  (Dupuy  &  Reed,  2012)  and  in  equine  models 

384  (Hays,  1969).  Some  of  these  previous  studies  have  focused  on  the  aerosol  route  of  exposure  in 

385  nonhuman  primates  (Reed,  2005;  Reed,  2007;  Dupuy,  2010;  Dupuy  &  Reed,  2012).  The  report 

386  on  the  common  marmoset  comparing  virulence  of  intranasal  infections  between  North  American 

387  (NA)  and  South  American  (SA)  strains  of  EEEV  (re-classified  as  Madariaga  Virus)  was 
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388  promising  as  comparable  responses  to  humans  were  found  in  the  marmoset  model  (Aguilar  2005; 

389  Adams,  2008).  The  fact  that  in  this  study  marmosets  developed  vasculitis  and  have  previously 

390  been  reported  to  produce  neutralizing  antibodies  following  infections  with  low  virulence 

391  alphavirus  strains  was  interpreted  as  a  promising  indication  of  this  model  as  being  suited  for 

392  inhalational  studies.  Collectively,  these  factors  prompted  us  to  evaluate  the  marmoset  for  its 

393  suitability  as  a  model  of  EEEV  disease  following  aerosol  route. 

394  To  detennine  the  effect  of  the  aerosol  dose  on  the  infectivity  and  disease  development  for 

395  the  marmoset,  inhaled  doses  ranging  from  2.4  x  lO’PFU  to  7.95  x  105  PFU  were  tested.  Markers 

396  of  EEEV  infection  and  disease  were  observed.  As  the  dose  increased,  so  too  did  the  severity  of 

397  the  clinical  disease  course;  marmosets  reached  euthanasia  criteria  progressively  earlier  and 

398  displayed  a  more  abbreviated  list  of  clinical  signs  and  symptoms,  revealing  the  dose-dependent 

399  nature  of  EEE  manifestation.  A  gradient  of  disease  severity  was  observed  within  the  lethal  doses. 

400  For  example,  marmosets  receiving  the  two  highest  doses  of  EEEV  succumbed  to  disease  by  days 

401  4  and  6,  respectively.  This  dose  range  revealed  a  similar  effect  as  that  observed  when  marmosets 

402  were  exposed  by  the  intranasal  route  (i.n.)  with  1.0  x  106  PFU  of  the  EEEV  FL93-939  strain 

403  (Adams,  2008).  In  Adams’  work,  the  time  of  death  and  the  host  responses  observed  were  similar 

404  to  what  we  observed  in  the  present  study.  However,  in  our  study,  marmosets  exposed  to  lower 

405  doses  of  EEEV  displayed  a  protracted  time  to  death,  and  the  surviving  marmoset  exposed  to  the 

406  lowest  aerosol  dose  remained  nearly  asymptomatic  throughout  the  course  of  the  study.  The 

407  responses  of  the  surviving  marmoset  more  closely  resembled  those  of  marmosets  exposed  i.n.  to 

408  the  SA  strain  of  EEEV  (Madariaga  Virus)  in  Adams’  work;  suggesting  a  dose  threshold  for  NA 

409  strain  toxicity  that  responds  similarly  to  high  i.n.  doses  of  the  less  virulent  SA  strain  (Madariaga 

410  Virus). 
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411  Loss  of  body  weight  was  demonstrated  to  be  a  factor  in  the  disease  pathology  of 

412  intranasal  EEEV  infection  in  marmosets  and  in  the  human  disease  (Adams,  2008).  In  our  study, 

413  loss  of  body  weight  was  observed  between  day  -3  and  study  endpoint  within  a  dose  range  of 

414  aerosolized  EEEV  (i.e.,  between  1.2  x  104  PFU  and  9.76  x  104  PFU).  Doses  below  this  range 

415  either  had  no  effect  or  the  marmoset  gained  weight,  regardless  of  whether  the  animal  developed 

416  disease  leading  to  euthanasia  or  not,  indicating  that  these  lower  doses  were  too  weak  to  allow  for 

417  observable  weight  loss.  Adams  (2008)  detected  weight  loss  in  all  marmosets  exposed  i.n.  with 

418  the  EEEV  FL93-939  strain  at  1.0  x  106  PFU.  Although  we  did  not  observe  a  significant  change 

419  in  body  weight  between  pre-exposure  values  and  study  endpoint  for  a  marmoset  exposed  to  a 

420  similar  dose  of  the  NA  strain,  that  same  marmoset  had  a  4.2%  decrease  in  body  weight  between 

421  day  3  and  day  4  (study  endpoint)  post  exposure.  When  marmosets  were  inoculated  i.n.  with  an 

422  SA  strain  (Madariaga  Virus)  in  Adams’  study,  they  gained  weight  (Adams  et  ah,  2008). 

423  Challenge  with  the  SA  strain  of  EEEV  in  that  same  study  resembled  the  results  we  have  seen  for 

424  the  marmoset  receiving  a  lower  dose  of  NA  EEEV  strain  (i.e.,  1.15  x  103  PFU).  Because  we 

425  covered  a  wider  dose  range  of  EEEV  doses  in  our  median  lethal  dose  study  and  possibly  due  to 

426  the  use  of  a  different  route  of  exposure,  we  were  able  to  capture  differential  effects  on  weight  not 

427  previously  observed  before  for  the  same  EEEV  strain  (Adams,  2008). 

428  We  also  noted  that  marmosets  exposed  to  the  higher  doses  of  EEEV  (>  9.76  x  104  PFU) 

429  developed  disease  and  reached  euthanasia  criteria  at  roughly  2-3  days  following  the  time  of  fever 

430  onset.  This  observation  is  in  agreement  with  Adams’  work  as  well  as  with  previous  data  from 

431  cynomolgus  macaques  (Reed,  2007;  Adams,  2008).  Rhesus  macaques  have  also  been  exposed  to 

432  EEEV  but  displayed  a  more  extended  survival  time  following  fever  onset  (Wickoff  &  Tesar, 

433  1939).  The  delayed  effect  on  time  to  death  in  the  rhesus  macaque  model  was  also  observed  in  our 
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434  study,  but  only  for  marmosets  which  were  exposed  to  the  lower  EEEV  doses.  These  differences 

435  in  the  more  prolonged  time  to  death  from  fever  onset  for  the  rhesus  may  represent  a  species 

436  difference  or  be  a  reflection  of  distinct  properties  of  the  viral  strains  used  as  well  as  conditions  of 

437  viral  stock  preparation  and  stability  (Wickoff  &  Tesar,  1939).  In  the  intermediate  inhaled  doses 

438  of  EEEV  in  the  marmosets,  it  was  noticed  that  there  was  an  increase  in  nocturnal  activity  for 

439  marmosets  2  at  day  6  and  for  marmoset  4  at  day  5  (data  not  shown);  again,  showing  that  within 

440  the  “intermediate”  range  of  inhaled  doses,  a  more  clearly  traceable  pattern  of  EEEV-driven 

441  effects  could  be  detected.  Interestingly,  effects  on  blood  oxygen  saturation  were  more  noticeable 

442  in  this  intermediate  range,  where  weight  loss  was  also  considerably  affected.  A  decrease  in 

443  oxygen  saturation  levels  in  the  blood  has  been  previously  shown  in  human  influenza  cases  to 

444  reflect  ongoing  inflammatory  responses  and  those  results  correlated  with  body  weight  loss,  body 

445  temperature  changes,  and  development  of  lung  pathology  (Verhoeven,  2009).  The  observed 

446  depression  in  oxygen  saturation  levels  in  the  marmosets  may  also  signal  inflammatory  responses 

447  captured  in  the  animals  within  these  intennediate  EEEV  aerosol  doses. 

448  In  this  study,  pathological  evaluation  revealed  few  changes  between  animals  at  varying 

449  inhaled  doses,  with  regard  to  the  animals  that  had  clinical  disease  and  reached  euthanasia  criteria. 

450  To  clarify,  although  the  disease  progressed  on  an  altered  time  course  dependent  on  the  aerosol 

451  dose,  once  animals  developed  clinical  disease,  the  pathological  changes  were  similar  with  the 

452  exception  of  vasculitis.  Vasculitis  was  present  in  doses  greater  than  1.0  x  104  PFU,  suggesting  it 

453  may  a  dose-related  occurrence.  Vasculitis  is  a  pathology  feature  of  human  EEEV  disease  and 

454  emphasizes  the  importance  of  not  only  providing  an  animal  model  that  will  develop  vasculitis, 

455  but  provides  insight  into  the  aerosol  dose  required  to  mimic  the  disease  course  in  humans. 

456  Therefore,  aerosol  doses  greater  than  1.0  x  104  PFU  should  be  considered  when  using  the 
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457  marmoset  as  a  disease  model  for  aerosolized  EEEV.  Meningoencephalitis  was  also  noted  in  our 

458  marmosets,  which  is  consistent  with  observations  made  for  fatal  human  EEEV  cases  (Feemster, 

459  1938).  We  observed  positive  antigen  staining  is  the  pons  and  thalamus  regions  of  the  brain  from 

460  several  of  the  marmosets;  this  observation  of  involvement  of  specific  areas  of  the  brain  is 

461  consistent  with  reports  of  EEEV -induced  signaling  anomalies  in  the  basal  ganglia,  brainstem, 

462  and  thalamus  from  Magnetic  Resonance  Imaging  (MRI)  in  both  severe  non-fatal  and  fatal  human 

463  infections  (Min,  2013;  Babi,  2014;  Baig,  2014). 

464  Viremia  was  not  detected  in  the  blood  by  plaque  assay  at  any  time  point,  but  viral  RNA 

465  was  detected  by  RT-PCR  at  days  9  and  12  post  aerosol  exposure  in  the  survivor  marmoset 

466  receiving  the  lowest  dose.  The  presence  of  EEEV  RNA  in  the  blood  suggests  a  possible  dose- 

467  dependent  or  virulence-dependent,  transient  change  in  the  dissemination  pattern  of  the  virus  or 

468  may  simply  reveal  unique  animal-specific  responses.  Indeed,  the  lack  of  either  infectious  EEEV 

469  or  viral  RNA  in  whole  blood  at  early  time  points  may  be  a  reflection  of  limited  availability  of 

470  leukocytes  within  the  whole  blood  samples  at  those  particular  times.  Expression  of  EEEV  has 

471  been  shown  to  be  restricted  to  myeloid  cells  due  to  binding  of  microRNA  miR-142-3p  at  three 

472  conserved  target  sites  within  the  3’UTR  of  the  EEEV  genome,  which  serves  to  functionally 

473  block  viral  replication  in  cell  types  other  than  myeloid  cells  (Guo  2014;  Trobaugh,  2014). 

474  Overall,  our  data  are  in  agreement  with  previous  work  in  marmosets  that  showed  no  viremia 

475  developed  at  a  high  dose  with  the  NA  strain  of  EEEV  but  viremia  was  detected  when  the 

476  marmosets  were  infected  i.n.  with  the  SA  strain  (now  re-classified  as  Madariaga  Virus)  (Adams 

477  et  ah,  2008).  It  is  possible  that  the  cell-type  constraints  found  in  EEEV  due  to  binding  of 

478  miR142-3p  in  a  conserved  region  of  the  3’  UTR  do  not  occur  in  Madariaga  Virus. 
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479  The  main  hematological  change  previously  reported  for  EEEV  infection  is  leukocytosis 

480  late  in  infection,  reflecting  in  great  part  the  induction  of  granulocytes  (Reed,  2007;  Adams, 

481  2008).  Not  only  were  general  increases  in  white  blood  cells  observed  but  also  increases  in 

482  absolute  numbers  of  neutrophils,  lymphocytes  and  monocytes.  Interestingly,  monocytes  have 

483  been  shown  to  be  refractory  to  EEEV  infection,  (Liprandi,  1986;  Gardner,  2008),  with  a  possible 

484  exception  of  an  immortalized  monocytic  cell  line  pre-treated  with  a  mitogen  (Levitt,  1979). 

485  Outside  of  the  known  resistance  of  monocytes  to  EEEV  infection,  these  cells,  along  with 

486  lymphocytes,  were  induced  by  EEEV  in  our  work,  even  at  non-lethal  aerosol  doses,  underscoring 

487  their  role  in  modulating  EEEV  infection.  In  addition,  a  downward  trend  in  the  number  of 

488  platelets  was  observed  after  EEEV  exposure,  although  it  is  not  as  conclusive  for  the  survivor.  A 

489  decrease  in  platelet  numbers  is  found  in  infected  humans  as  well  (Harvala,  2009).  Platelet 

490  depletion  has  been  previously  associated  with  the  increasing  development  of  vasculitis  and 

491  potential  coagulopathies.  The  hematology  data  from  the  marmosets  therefore  describes  an  early 

492  initiated  neutrophilic  response  followed  by  a  lymphocytic  response  in  the  acute  phase  and 

493  culminating  with  monocytosis;  this  observation  was  more  evident  in  marmosets  receiving  lower 

494  doses  of  the  virus.  Because  high  dose  animals  did  not  live  long  enough  for  the  body  to  fully 

495  respond  with  monocytosis,  this  appears  to  be  a  dose  related  event,  where  lower  doses  may  allow 

496  the  animal  to  live  long  enough  to  mount  a  fully-fledged  immune  response,  which  includes 

497  monocytosis. 

498  Limitations  to  the  study  include  the  small  number  of  animals  tested  to  estimate  the 

499  median  lethal  dose;  however,  the  clinical,  hematologic,  and  pathology  data  are  consistent  with 

500  reports  from  other  nonhuman  models  of  infection  and  thus  support  the  use  of  the  marmoset  as  a 

501  novel  aerosol  model  of  inhalation  EEE  for  countermeasure  efficacy  testing.  Follow  on  studies 
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502  will  build  upon  the  work  described  herein  to  further  refine  the  median  lethal  dose  with  larger 

503  numbers  of  animals  to  achieve  statistical  significance,  as  well  as  investigate  the  temporal 

504  changes  in  disease  pathology. 

505  Conclusion 

506  In  conclusion,  this  work  has  evaluated  the  clinical  and  pathological  effects  of  aerosolized 

507  EEEV  in  the  common  marmoset  and  estimated  the  median  lethal  dose  for  aerosolized  EEEV. 

508  The  marmoset  has  now  been  shown  to  be  a  promising  animal  model  for  both  the  intranasal  and 

509  aerosol  routes  of  alphaviral  encephalitic  disease.  We  have  demonstrated  the  pathological  effects 

510  of  EEEV  disease  over  a  range  of  doses,  and  describe  disease  markers  that  can  used  with  the 

511  model  for  both  therapeutic  and  prophylactic  studies.  The  results  demonstrate  that  the  marmoset  is 

512  an  animal  model  suitable  for  emulation  of  human  EEEV  disease  in  the  development  of  medical 

513  countenneasures. 

514 

515  Disclaimer 

516  Opinions,  interpretations,  conclusions,  and  recommendations  are  those  of  the  author  and  are  not 

517  necessarily  endorsed  by  the  U.S.  Anny. 

518 
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Figure  1.  Clinical  observation  scores  in  marmosets  with  increasing  doses  of  aerosolized  EEEV. 
Clinical  observation  parameters  included:  (1)  neurological  signs,  (2)  temperature,  (3) 
appearance,  (4)  natural  behavior,  and  (5)  provoked  behavior.  Animal  behavior  was  noted  and 
the  sum  of  the  score  for  each  parameter  was  calculated.  The  values  correspond  to  the  highest 
score  obtained  for  a  marmoset  per  day. 
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673  Figure  2.  Effect  of  aerosolized  EEEV  on  total  body  weight  of  marmosets.  Marmoset  weights 

674  were  recorded  every  third  day  during  anesthetized  physical  observation.  Weight  loss  was  most 

675  evident  in  Marmosets  3  and  4.  The  disease  course,  including  weight  loss,  for  Marmoset  2 

676  followed  a  more  prolonged  course,  consistent  with  the  lower  inhaled  dose  of  EEEV  that  the 

677  animal  received.  Marmoset  5  failed  to  show  a  meaningful  decrease  in  body  weight;  however, 

678  that  animal  was  found  dead  on  day  4  post  exposure. 

679 
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681  Figure  3.  Hematological  changes  in  marmosets  after  aerosolized  EEEV  challenge.  The  doses  of 

682  EEEV  to  which  the  marmosets  were  exposed  are  indicated  in  the  bottom  right  of  the  figure.  Grey 

683  areas  over  the  graphs  correspond  to  normal  value  ranges  for  marmosets.  The  graphs  show  the 

684  results  for  (A)  white  blood  cell  counts,  (B)  neutrophils,  (C)  lymphocytes,  (D)  monocytes  and  (E) 

685  platelets  in  the  infected  marmosets  through  time. 
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Figure  4.  Fever  response  in  marmosets  after  EEEV  aerosol  challenge.  Variation  in  body 
temperature  is  shown  for  (A)  Marmoset  1,  (B)  Marmoset  2,  (C)  Marmoset  3,  (D)  Marmoset  4 
and  (E)  Marmoset  5.  Fever  was  determined  by  comparing  baseline  body  temperatures  of  the 
marmosets  with  temperatures  measured  after  aerosol  exposure.  Baseline  temperatures  were 
collected  every  five  minutes  from  as  early  as  7  days  before  challenge.  Telemetry  collection 
continued  after  exposure  until  study  endpoint  (up  to  28  days  post  exposure).  Average  daily 
elevations  in  body  temperature  and  any  residual  temperature  data  above  3  SD  were  used  to 
compute  fever  duration. 
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698  Figure  5.  Changes  in  blood  oxygen  saturation  in  the  marmosets  was  measured  prior  to  and 

699  following  exposure  to  aerosolized  EEEV.  Blood  oxygen  saturation  values  were  determined  using 

700  a  pulse  oximeter  every  3  days  while  animals  were  under  anesthesia  for  physical  examination. 


701 
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A  B 


703  Figure  6.  Histopathology  following  exposure  to  aerosolized  EEEV.  (A)  Examination  of  the 

704  frontal  cortex  of  the  brain  revealed  the  presence  of  multifocal  meningoencephalitis  with 

705  hemorrhage  (HE;  magnification,  4X).  (B)  Blood  vessel  displayed  vasculitis  with  perivascular 

706  hemorrhage  (arrow)  (HE;  magnification,  20X).  (C)  In  the  corpus  striatum,  two  neurons  (arrows) 

707  showed  hypereosinophilic  perikaryon  (cytoplasm)  suggesting  necrosis.  Vasculitis  (V)  with 

708  perivascular  hemorrhage  was  seen  in  an  adjacent  vessel  and  gliosis  (asterisk)  in  the  surrounding 

709  neuropil  (HE;  magnification,  40X).  (D)  In  the  pons,  three  centrally  located  neurons  (arrows) 

710  were  observed  that  were  shrunken  and  angular  with  hypereosinophilic  perikaryon  and  deeply 

711  basophilic  (hyperchromatic)  nuclei  (HE;  magnification,  60X).  Images  are  from  mannoset  4 

712  exposed  to  9.76  x  104  PFU  of  EEEV. 

713 
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714 

715  Figure  7.  Immunohistochemistry  analysis  for  marmosets  exposed  to  aerosolized  EEEV.  This 

716  image  from  the  pons  reveals  widespread  positive  staining  of  neurons  in  the  brain,  indicating  the 

717  presence  of  EEEV  (immunohistochemistry;  magnification,  40X).  Image  is  from  mannoset  4 

718  exposed  to  9.76  x  104  PFU  of  EEEV. 

719 

720 
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721  Table  1.  Summary  of  febrile  responses  in  marmosets  exposed  to  increasing  doses  of  aerosolized 

722  EEEV 


Animal 

ID 

Inhaled  Dose 
(PFU) 

Fever  onset 

(day) 

Duration 

(hr) 

Fever  Peak  Temp 
(°C) 

Last  Temp  Taken 
(°C) 

Time  of  Death 
(day  post  exposure) 

1 

2.40  x  101 

N/A 

0 

N/A 

36.0 

28 

2 

1.15  x  103 

10 

122 

40.1 

31.4 

19 

3 

1.2  x  104 

8 

64 

39.8 

34.2 

12 

4 

9.76  x  104 

3 

53 

40.6 

36.1 

6 

5 

7.95  x  105 

2 

25 

43.6 

37.5 

4 

724 

725  Table  2.  Comparison  of  tissue  plaque  assay  (PA)  and  RT-PCR  results  from  marmosets  exposed 

726  to  aerosolized  EEEV. 


Tissue 

Animal  ID  (Inhaled  Dose,  PFU) 

1  (2.40  x  101) 

2  (1.15  x  103) 

3  (1.2  x  104) 

4  (9.76  x  104) 

5  (  7.95  x  105) 

Salivary  Gland 

- 

- 

- 

- 

- 

Adrenal  Gland 

- 

- 

- 

- 

+ 

Pancreas 

- 

- 

- 

- 

- 

Lung 

- 

- 

- 

- 

- 

Spleen 

- 

- 

+ 

+ 

- 

Axillary  LN 

- 

- 

- 

+ 

- 

Kidney 

- 

- 

+ 

+ 

- 

Brain 

- 

+ 

+ 

+ 

+ 

Heart 

- 

- 

- 

- 

+ 

Liver 

- 

- 

+ 

- 

+ 

Inguinal  LN 

- 

- 

- 

- 

- 

Mandibular  LN 

- 

- 

+ 

- 

- 

Trachbronical  LN 

ND 

- 

+ 

- 

+ 

Mesentric  LN 

- 

- 

- 

- 

+ 

Popliteal  LN 

- 

- 

+ 

- 

- 

ND  =Not  done 

+  =  positive  PCR  result;  -  =  negative  PCR  result 
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728  Table  3.  Detection  of  EEEV  in  blood  from  infected  mannosets  by  RT-PCR. 


Animal  ID  (  Inhaled  Dose,  PFU) 

Sample  Collection  Day 

-3  3  4  6  9  12  15  17  18  19  21  24  27 

1  (2.40  x  101) 

2  (1.15  x  103) 

3  (1.20  x  104) 

4  (9.76  x  104) 

5  (7.95  x  105) 

+ 

-  ND . 

-  ND  - 

-  ND  - 

ND 

ND  =Not  done 

729  +  =  positive  PCR  result;  -  =  negative  PCR  result 

730 

731  Table  4.  Observed  Pathologies  in  marmosets  challenged  with  EEEV  by  the  aerosol  route. 


Marmoset 

Inhaled  Dose  (PFU) 

Time  to  Death  Postexposure 

Brain 

Meningoencephalitis 

Vasculitis 

Retina 

Retinitis  Vasculitis 

1 

2.40  x  101 

28* 

- 

- 

- 

2 

1.15  x  103 

19 

++ 

- 

- 

3 

1.2  x  104 

12 

+++ 

+++ 

- 

4 

9.76  x  104 

6 

++ 

++ 

- 

5 

7.95  x  105 

4** 

+++ 

+++ 

- 

*  =  Survivor,  **  =  Found  dead 

732  +  =  mildly  present,  ++  =  moderately  present,  +++  =  strongly/markedly  present 

733 
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734  Table  5.  EEEV  Immunohistochemistry  Results  for  Marmosets  challenged  with  EEEV  by  the 

735  aerosol  route. 


Marmoset 

Inhaled  Dose  (PFU) 

Time  to  Death  Postexposure 

Brain 

Retina 

1 

2.40  x  101 

28* 

- 

- 

2 

1.15  x  103 

19 

+ 

- 

3 

1.2  x  104 

12 

+++ 

+ 

4 

9.76  x  104 

6 

+++ 

+++ 

5 

7.95  x  105 

4*  * 

+++ 

- 

*  =  Survivor,  **  =  Found  dead 

+  =  mildly  present,  ++  =  moderately  present,  +++  =  strongly/markedly  present 


737 


738 

739 
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